Tin disulphide (SnS 2 ) nano-crystalline films were deposited on glass substrates by chemical bath deposition using tin chloride (SnCl 2 ) and thioacetimide (C 2 H 5 NS) as the precursors with triethanolamine and ammonia (NH 4 ) as the complexing agents at a bath temperature of 60 o C. The layers were grown by varying the volume of ammonia added to the reaction bath. The crystal phases present and structure of the as-grown films were evaluated using X-ray diffraction (XRD), surface topography using scanning electron microscope (SEM), composition of the elements present using energy dispersive X-ray analysis (EDAX), absorption coefficient and energy band gap using UV-Vis-NIR spectrophotometer. The grown layers had compositional deviation from stoichiometry. The layers showed (001) plane as the preferred orientation and the surface topography revealed warm-like grains that were uniformly distributed over the substrate surface. The optical transmittance of the films was > 80 % and a clear blue shift in the absorption edge was observed due to quantum confinement with the evaluated energy band gap changing from 3.3 eV to 3.7 eV with the decrease of ammonia content present in the reaction bath. The details of these results are presented and discussed.
Introduction
Tin disulphide (SnS 2 ) is a wide energy band gap (E g > 3eV) semiconductor that crystallises with the hexagonal wurtzite crystal structure. It is reported to be n-conductivity type with the net doping concen-tration controlled either extrinsically or intrinsically. Because of its interesting optical and electrical properties, the potential of SnS 2 layers is being considered for the development of holographic recording systems, electrical switches and opto-electronic devices such as solar cells [1] . Several research groups have reported on the formation of SnS 2 single crystals and polycrystalline layers using a variety of physical and chemical methods [2] [3] [4] [5] [6] [7] . However, there are only limited reports available on the synthesis of SnS 2 nanocrystalline films. Semiconductor devices with high efficiency and low production cost can be obtained using nano-structured materials. Chemical bath deposition (CBD) is a well known and simple process that can be used to deposit metal sulphides such as CdS. In this work, the synthesis of nanocrystalline SnS 2 layers using CBD was investigated. The properties of the layers were reported and discussed in relation to the ammonia content in the reaction bath.
Experimental details
Nano-crystalline SnS 2 layers were deposited using the CBD method on Corning 7059 glass substrates. Prior to deposition, the glass substrates were cleaned by washing with "Labclean solution", dipping in chromic acid for 3 hours and rinsing in distilled water. This was followed by cleaning the substrates using an ultrasonic bath for about 5 minutes, degreasing in isopropyl alcohol vapours for 5 minutes and finally drying in a hot air oven. The experimental arrangement for the CBD method used in the present study is shown in Fig. 1 . 10 ml of glacial acetic acid was poured into a 100 ml glass beaker and 1 g of stannous chloride (SnCl 2 2H 2 O) added to the acid. The SnCl 2 was dissolved by placing the beaker onto a hot plate and heating the solution to 60ºC. After 5 minutes of heating, a few drops of concentrated HCl were added drop by drop to the solution in order to obtain a clear solution. 24 ml of 6 M triethanolamine (TEA), 8 ml of 0.5 M thioacetamide and a pre-determined quantity of aqueous NH 3 were added to the Sn-precursor solution followed by sufficient quantity of double distilled water to make up 100 ml of the reaction bath. Cleaned glass substrates were immersed vertically into the reaction mixture. The temperature of the bath was maintained at a constant value of 60 o C and the solution stirred continuously using a magnetic stirrer. The colour of the reaction bath was initially a golden yellow; it turned to light brown and then to dark brown where the deposition started to occur on the substrates. The deposition time was carried out for 2 hours and the volume of ammonia in the reaction bath was varied from 12 ml to 20 ml, keeping the other parameters constant. The deposited layers were cleaned using distilled water and dried in a hot air oven.
The structural studies such as the phases present, their orientation, crystal structure of each phase and crystallite size were made using X-ray diffraction (XRD) measurements. A Seifert X-ray diffractometer was used in this study to carry out these investigations. Cu Kα (=1.5418 Å) radiation source was used for the XRD measurements and the scanning angle, 2 was varied in the range 10-70 o in steps of 0.02º. A Zeiss scanning electron microscope (SEM) was used to study the surface topography and grain size of the layers. The elements present in the films and their composition were investigated using energy dispersive analysis of X-rays (EDAX) measurement with an Inca Penta X-ray energy analyser attached to the SEM. The optical properties such as transmittance, reflectance, absorption coefficient and energy band gap were determined using a Hitachi UV-Vis-NIR double beam spectrophotometer in the wavelength range 300-2500 nm.
Results and discussion
The as-deposited layers were reddish brown in colour, uniformly thick, pinhole free and adherent to the substrate surface. The thickness of the layers was found to increase with the increase of ammonia concentration in the reaction bath. The thickness of the films was determined by spectrophotometric method using Manifacier's formula [8] with an accuracy of  1%. In the present study, it was varied in the range 140-170 nm.
Structural analysis
The structural properties of the experimental films were analysed using X-ray diffraction data. Figure  2 shows the XRD spectra of SnS 2 layers formed with different ammonia contents in the reaction bath. The XRD spectra indicated (001) plane at 2 = 14.92 as the preferred orientation. All the films showed a broad hump between 20 and 40. It is most likely that because the films are thin, the hump is due to Xrays reflected from the amorphous glass substrates. The XRD spectrum of the film formed at lower ammonia content of 12 ml had a broad (001) peak. When the volume of ammonia reached 20 ml, the (001) peak became sharp and intense and several other peaks such as (101), (102) and (110) of SnS 2 appeared. The presence of these peaks and their orientations are in agreement with the JCPDS file (card no. 23-0677) for SnS 2 crystal and also other reported data on nanoflakes [3, 9] . It was also observed that the intensity of the (001) peak increased with the increase of ammonia concentration in the solution. This might be due to slow precipitation of SnS 2 molecules occurred in the reaction bath with the increase of ammonia content forming a stable complex since the TEA content is constant. The appearance of broad peaks with a high full width at half maximum (FWHM) is an indication of smaller particle size in the grown layers.
The size of nano-crystallites L can be calculated using Scherrer's formula [10] 
where L is the coherence length, k is a constant representing particle shape factor (0.94),  is the wavelength of the X-rays (1.5418 Å),  is the FWHM of the peak and θ is the corresponding diffraction angle. Then the diameter D of the nano-crystallite is given by
assuming a spherical shape for the particle. In the present study, the particle size is calculated using the (001) peak as it is the predominant orientation observed for SnS 2 films and the evaluated particle size varied in the range 25-40 nm. Fig. 2 . X-ray diffraction spectra of SnS 2 films formed at various volumes of ammonia solution added to the reaction mixture.
Surface topography studies
The surface topology and topography of SnS 2 layers were observed using a SEM and Fig. 3 shows the SEM pictures of the layers deposited at three different volumes of NH 3 added to the bath. The micrographs revealed worm-like particles, which form into circular-shaped balls uniformly distributed over the substrate surface without any cracks present. In general, flake-like morphology was observed for bulk SnS 2 in literature [11, 12] , but we didn't notice such morphology in the present study. The particle size in the layers was found to increase with the increase of NH 3 content and is slightly higher than those values calculated using the XRD measurements. Figure 4 shows the typical EDAX spectrum of SnS 2 layer deposited with an ammonia content of 20 ml in the reaction bath. The spectrum indicated an intense peak related to Si, which is basically from the glass substrate used to grown the layers, which are thin. The other peaks observed were Sn, S, O, C, Cl, Na and Ca. The presence of Ca and Na are from the glass substrate while O, Cl and C are from the precursor solutions and glacial acetic acid used to synthesise the layers. The EDAX spectra of the films deposited at other ammonia contents in the bath showed less pronounced Sn and S peaks with the presence of other elements, although the variation in the elemental composition is marginal. Fig. 4 . EDAX spectrum of a typical SnS 2 layer formed at a NH 3 volume of 20 ml in the reaction bath
Composition analysis

Optical properties
The optical properties of the as-grown SnS 2 layers were investigated by measuring the optical transmittance versus wavelength data. Figure 5 shows the variation of optical transmittance with wavelength in the SnS 2 layers deposited in this work with various amounts of ammonia in the reaction mixture. All the spectra indicated a steep increase of transmittance above the fundamental absorption edge, which nearly saturated for wavelengths > 800 nm. The sharp fall of transmittance near the absorption edge indicated the existence of a direct energy band gap in the material. Further, a shift in the absorption edge towards lower wavelengths (higher energies) can be observed from the figure. Generally, the shift in the fundamental absorption in thin layers might occur due to Moss-Burstein effect or quantum size effect. As the former effect is charge carrier dependent, a detailed study of electrical properties is necessary. In the present investigation, due to very high electrical resistivity of the films (~10 8 cm), the charge carrier concentration and other electrical parameters could not be determined initially. On the other hand, the optical transmittance spectra of the films formed with 12 ml ammonia content clearly showed a shoulder at a wavelength of ~ 410 nm, indicating the presence of a secondary phase in addition to SnS 2 that correspond to a high energy band gap. Therefore, the observed shift in the absorption edge might be due to quantum confinement [13] because of the presence of different phases of tin sulphide in the films, although the XRD didn't reveal such phases due to their low intensity. A similar behaviour has been observed in ZnS quantum dots synthesised using a chemical method [14] . It is also noted that the transmittance decreases with the increase of ammonia content in the reaction bath. The evaluated absorption coefficient, α ≥ 10 4 cm -1 and it decreases with the increase of wavelength.
The optical energy band gap of the films was calculated using the following relation that is generally used for materials that involve direct optical transition [15] ,
where A is a constant, hν is the photon energy and E g is the energy band gap of the material. The plots of (αhν) 2 versus hν were straight lines and the extrapolation of these straight lines onto the energy axis directly gives the energy band gap of SnS 2 films. The inset of Fig. 5 shows such a plot of (αhν) 2 versus hν for SnS 2 layers formed with various amounts of ammonia. The evaluated energy band gap from this plot increased from 3.3 eV to 3.7 eV with the decrease of NH 3 content in the bath. The band gap values obtained in the present investigation are higher than those values reported for polycrystalline SnS 2 films [16] , but in agreement with the values reported for nanocrystalline layers [13, 17] . 
Conclusions
Nanocrystalline SnS 2 layers have been successfully grown using a chemical bath deposition technique. The influence of NH 3 content in the reaction mixture on the properties of SnS 2 films was found to be significant. The X-ray diffraction analysis showed the (001) plane as the preferred orientation with particles of nano-size. The surface morphology indicated warm-like particles that were uniformly distributed over the substrate surface. The optical investigations revealed that the transmittance was ≥ 80% and the energy band gap increased from 3.3 eV to 3.7 eV with the decrease of ammonia content in the bath. These nano-crystalline SnS 2 layers may find application in the development of photovoltaic solar cells. 
